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ABSTRACT Properties of mechanoelectrical transduction
were studied at the single-cell level by applying a whole-cell
recording variation of the patch-clamp technique to dissociat-
ed vestibular hair cells of chicks. The hair bundle was directly
stimulated by a glass rod, and transduction currents were re-
corded from the cell body. After a triangular movement of the
stimulating probe, the transduction current was generated
stepwise between discrete levels of amplitude. The minimum
step amplitude was -1.8 pA at -27 mV in Na-containing nor-
mal saline.

Hair cells in the inner ear and in the lateral line sensory or-
gans are receptors for mechanical stimuli and generate elec-
trical signals for the further processing in the central nervous
system. Unique features of transduction mechanism have
been studied by observation of microphonic potentials and
by some direct observations of intracellularly recorded re-
ceptor potentials (1, 2). Recently, the whole-cell recording
variation of the patch-clamp technique has been applied to
dissociated hair cells, and properties of ionic currents have
been studied (3, 4). In this paper, the whole-cell recording
technique was extended to an analysis of the mechanoelec-
trical transduction current generated by microstimulations of
the hair bundle of a dissociated hair cell from the chick ves-
tibular organ.

MATERIALS AND METHODS
Hair cells were dissociated by an essentially similar proce-
dure as the technique described for photoreceptor cells (5,
6). The saccule, utricule, and ductus cochlearis were dissect-
ed from 2- to 7-day-old newborn chicks, and hair cells were
dissociated enzymatically. After decapitation and sagital
sectioning of the head, the bony labyrinth was exposed by
removing most of the brain. The membraneous labyrinth was
obtained, and the portions facing to the otoconia were cut
into small pieces with microscissors and were incubated at
37°C for 40 to 50 min in Ca/Mg-free balanced salt solution
(137 mM NaCl/5.4 mM KCl/0.2 mM Na2HPO4/0.4 mM
KH2PO4/4.2 mM NaHCO3/10 mM glucose) with 7-8 mi-
crounits/ml of papain (Sigma, P-3125), buffered to pH 7.4
with 20 mM Hepes/NaOH. They then were washed several
times with Dulbecco-modified Eagle's essential medium,
triturated, and plated on the lectin-coated glass floor of the
recording chamber. Serum and antibiotics were not used in
any of the steps described above. More than 50 hair cells
with a good-looking hair bundle could be obtained from one
animal. Most of the cells used in the experiments did not
have a kinocilium. Hair cells were bathed physiologically in
an asymmetrical ionic environment; their apical surfaces
were facing K-rich/low-Na endolymph solution, while their
basal surfaces were surrounded by supporting cells and were

facing Na-rich/low-K perilymph solution (7). Normal saline
used here has an ionic composition similar to the perilymph
solution: 155 mM NaCl/5 mM KCl/2.5 mM CaCl2/1 mM
MgCl2 buffered to pH 7.4 by 10 mM Hepes/NaOH.
Patch electrodes of 5-10 Mfl resistance were filled with

isotonic CsCl solution, and a whole-cell recording variation
of the patch-clamp technique was applied to the isolated hair
cell, following the procedure described by Hagiwara and Oh-
mori (8). After the whole-cell recording condition was estab-
lished, movements of the patch electrode for distances of 2-
3 ,um caused a distortion of the cell body but did not cause
any change in the holding current. Thus, this technique
seemed ideal for the study of the mechanoelectrical trans-
duction of hair cells because it is necessary to apply mechan-
ical stimuli to the hair bundle.
Mechanical stimulation was applied to the hair bundle by a

glass rod with a fine tip, which was attached to a piezoelec-
trical device (9). A triangular electrical driving signal of 3-10
Hz was applied to the piezoelectrical stimulater, and the tip
of the glass rod was moved in the horizontal plane with an
amplitude of 0.5-2.5 Am. In order to protect the hair cells
from damage resulting from a mechanical drift of the stimu-
lating glass rod, the glass rod was placed 1-2 ,um away from
the hair bundle, and its position was frequently adjusted.
The tips of the hairs were moved 1-2 ,um at one end of the
periodical motion of the glass rod. Direct stimulation of the
cell body did not cause phasic changes of the holding current
that followed the driving signal, but it occasionally killed the
cell. Phasic changes of the whole-cell current have never
been observed unless hairs were directly stimulated. When
the cell body made a pivotal motion about the tip of the patch
electrode, even though hairs were apparently moved, trans-
duction currents were not observed. Therefore, the effective
mechanical stimulus for generation of the transduction cur-
rent was a movement of the hair bundle relative to the cell
body. The orientation of the stimulus applied to the hair bun-
dle was not always ideal because the dissociated hair cells
settled on the glass floor with random orientation and the
access of the stimulating glass rod was limited. The move-
ment of the hair bundle and individual stereocilium was con-
firmed during experiments by observation with Nomarsky
differential interference optics (overall magnification,
x600). The recording chamber was constantly perfused with
heated saline; the bath temperature was maintained between
29 and 31°C.

RESULTS
Mechanoelectrical transduction currents were recorded
from 27 hair cells. When direct mechanical stimulation was
applied to the hair bundle, transient inward currents syn-
chronized to the driving signal were observed (Fig. LA). The
peak of the inward current coincided with the peak of the
electrical driving signal applied to the piezoelectrical device.
Thus, the probe must have followed the driving signal, and
the hair bundle was stimulated in phase with the movement

1888

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



Proc. Natl. Acad. Sci. USA 81 (1984) 1889

A
-27 mV Normal/CsCl

10 pA

B
-44 mV

10 pA

1 sec

FIG. 1. Mechanoelectrical transduction currents in a single chick vestibular hair cell. (A) When hairs were directly stimulated by a glass rod,
stepwise changes of inward currents were observed at -27 mV. Three traces are shown here, displaced vertically. Dashed lines indicate the
levels of the holding current. Hair cells were bathed in normal saline, and the patch electrode was filled with 160 mM CsCl/5 mM EGTA
solution buffered to pH 7.4 by 10 mM Hepes/NaOH. The electrical driving signal applied to the piezoelectrical stimulator is indicated in A and
B by triangular waves. Stimulating frequency was 6 Hz. Because the transduction currents were generated in synchrony with the driving
triangular wave, the probe must have followed closely the 6-Hz driving signal. Transduction currents were converted to voltage signals by an I-
V converter with a 10OG-f feedback resistor (Inset) and were low-pass-filtered at 800 Hz. Current and potential outputs of the patch-clamp
amplifier and the driving signal were sampled at 1-msec intervals. (B) Membrane was hyperpolarized to -44 mV, and the stimulating probe was
moved to the opposite side of the hair bundle from that of Fig. IA. Note a decrease of the steady-state inward current synchronized to the
driving signal, which occurs at the opposite phase of the probe motion to the case in A. The stimulating frequency was 3 Hz, and the signal was
sampled at 5-msec intervals after filtering at 160 Hz. Records A and B were taken from a single cell at 290C. (Inset) Arrangement of a stimulating
probe and a patch electrode to a hair cell.

of the glass rod. Close inspection of the current traces re-

veals stepwise change of the current, suggesting that the
whole-cell transduction current was composed of discrete
levels of current amplitude. At each step of the current, an

'overshooting" was observed. This may be due to a fluctua-
tion in the number of activated transduction channels, dis-
torted by the low pass filtering of the current. The initial
burst of inward current in Fig. 1A was most likely due to a
rapid movement of the glass rod from its resting position be-
cause the driving signal changed abruptly at the start of stim-
ulation. When the position of the stimulating glass rod was
moved to the opposite side of the hair bundle from that in
Fig. 1A, an outward transient current was generated (Fig.
1B). The current traces indicate that the outward transient
was generated by movement of the hair bundle in the oppo-
site direction to that which produced inward current in the
case of Fig. lA.

This change of the current in the outward direction was a
decrease of the steady-state inward current and not a genera-
tion of an outward current because (i) the reversal potential
of the transduction current was +8.5 mV under these experi-
mental conditions (normal saline as the bathing medium; iso-
tonic CsCl as the intracellular medium) and (ii) a decrease of
current noise was observed during the phase of the outward
transition, which might indicate a reduced number of open
channels. The transduction current disappeared reversibly
by an application of 100lLM streptomycin sulfate (Sigma, S-
6501) to the bathing solution. These results confirmed previ-

ous observations of the permeability of the hair-cell mem-
brane to monovalent cation and the effect of streptomycin
on the mechanoelectrical transduction channel that was
made on microphonic potentials, on extracellular transduc-
tion current during direct mechanical stimulation to the hair,
and on the transduction current measured during two-micro-
electrode voltage clamp of the hair cell (10-12).
From current traces in Fig. 1A, a probability density histo-

gram of the event amplitude was measured (Fig. 2), exclud-
ing the initial burst-like current response. The tallest peak at
the zero-current level indicates background fluctuations of
the whole-cell current; SD = 0.4 pA. The second peak (indi-
cated by a filled triangle) was at -1.75 pA and corresponds
to the step changes of the transduction current observed at
the base of the response. The histogram does not reveal clear
peaks at integer multiples of -1.75 pA (indicated by open
triangles), although some of the peaks coincide with the am-
plitude indicated by open triangles. This may be due to a
limited signal-to-noise ratio resulting from the whole-cell re-
cording condition and to the limited overall frequency re-
sponse of the recording system; the current was low-pass-
filtered at 800 Hz.

Step-like changes of the transduction current can be ob-
served more clearly in Fig. 3. The phasic response of the
transduction current to a triangular driving signal followed
discrete steps of approximately 7 pA (indicated in the figure
by broken lines). However, 7 pA may not correspond to the
elementary step because smaller current steps of approxi-
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- 150 lines in Fig. 3 may correspond to the coincidental opening of
at least two elementary transduction channels. The conduc-
tance calculated from the current amplitude indicated by the
broken line was 110 pS, which is approximately twice the
conductance calculated from the peak detected in the histo-
gram (49 pS, Fig. 2). In other experiments, apparent elemen-
tary conductances of 47-53 pS were measured.
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FIG. 2. Probability-density histogram of current amplitude. The
displacement of current signals from the base line was measured at
each time point from traces in Fig. IA. In the measurements, the
initial burst-like current transient was excluded. The ordinate is the
number of events, and the abscissa is the event amplitude. The ex-
periment was performed in normal saline, and the reversal potential
of the transduction current was +8.5 mV; thus, the conductance
that carries -1.75 pA at -27 mV is 49 pS. v, Peak at -1.75 pA; v,
current levels corresponding to the integer multiples of -1.75 pA.
Bin width is 0.25 pA.

mately half this amplitude are clearly seen at the top of each
transduction current response and during the falling phase of
the third response. Therefore, the levels indicated by broken

DISCUSSION
Hudspeth has argued that a single stereocilium may have a
single transduction channel (2), and it is known that a single
hair cell has 30-150 stereocilia on its apical surface (13-17).
By using a value of 50 pS for the single transduction conduc-
tance, this would predict a maximum conductance increase
of 1.5-7.5 nS during a transduction response. The maximum
response observed in the present experiments was 0.9 nS.
This smaller value may result (i) from the loss of the trans-
ducer activity in a significant number of stereocilia during
the drastic procedure of cell dissociation or (it) from a small-
er value of the single transduction conductance itself than
the value we found. If we assume the second possibility, the
apparent elementary step observed here could be a coinci-
dence of a number of smaller single transduction-current
changes. If such a coincidence ever happened, it might be
related to the step-like changes of the height of stereocilia,
and the apparent elementary current level that we observed
might have been generated by a concerted activity of a num-
ber of stereocilia of the same height.

Stereocilia are known to be interconnected by a filamen-
tous attachment (18-20). Such an attachment could cause a
movement of stereocilia en masse in response to a mechani-
cal stimulation (21). However, it seems likely that the posi-
tion of each stereocilium can fluctuate somewhat within its
filamentous attachment and would result in a fluctuation of
the number of transduction channels activated. This would
partly explain the "overshooting" response observed in Fig.
LA. The overshooting response also could be generated by a
slight deviation of the probe motion from the axis of bilateral

-58 mV

110 pA
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FIG. 3. Transduction current showing discrete levels of current. Discrete current levels were generated at -58 mV in response to a mechani-
cal stimulation of the hair. Despite an abrupt change of the driving signal at the beginning of stimulation, burst-like transduction current was not
generated in this case. The driving signal indicates that the probe stimulated the hair bundle only at the very end of its excursion, suggesting that
the initial position of the stimulating probe was further from the hair bundle than in the case in Fig. lA. Because the number of transduction
channels mobilized seems much smaller here than in the case of Fig. 1A, discrete current steps were more obvious here (dashed lines). The
experiment was performed in 160 mM CsCl/2.5 mM CaCl2/1 mM MgCl2 buffered to pH 7.4 by 10 mM Hepes/tetramethylammonium.OH; 160
mM CsCl2/5 mM EGTA was used in the electrode. The reversal potential of the transduction current was +4.5 mV. Note smaller step changes
at the peak of transduction current responses and during the falling phase of the third response. The amplitude of these smaller signals was
approximately half the amplitude indicated by the broken lines. It is likely that the step levels indicated here were generated by a coincidental
activity of at least two elementary transduction channels. Signals were low pass filtered at 800 Hz and were sampled at 500 usec intervals. The
experiment was performed at 31°C.
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symmetry in the hair bundle resulting from the stepwise
change of the height of stereocilium. Because the hair bundle
is pushed by a glass rod in the present experiment, if the
direction of the probe motion were slightly deviated from the
axis of the hair bundle's bilateral symmetry, individual ster-
eocilium in a rank would make a ratchet-like interaction with
the probe tip and would generate spiky appearance in the
macroscopic transduction current. The presence of the fila-
mentous attachment between individual stereocilium is like-
ly to cause a concerted motion of stereocilia in a rank and
would have generated the step level of 7 pA, and the ratchet-
like interaction between the probe and the individual stereo-
cilium might have generated the intermediate current ampli-
tude observed in Fig. 3. As a conclusion, the data presented
in this paper strongly suggest that the mechanoelectrical
transducer has discrete conductances with an elementary
conductance of at most 50 pS.
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